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INTRODUCTION
The commercial air traffic is expected to increase substantially in the coming years, as air travel becomes more affordable worldwide.
At the same time, increasingly more stringent community noise regulations will continue to place severe limits on the acceptable levels of aircraft noise near airports. To address these concerns and develop low-noise propulsion technologies, promising concepts for suppression and/or reduction of noise emissions from subsonic aircraft are being investigated under the auspices of NASA Advanced Subsonic Technology (AST) initiative.
The study reported here focuses on the reduction of fan noise which is a significant source of engine noise The results show that, compared to a radial one, a swept and leaned OGV provides sizable reductions in the level of rotor-stator interaction tone noise for a wide range of operating conditions. The present report documents the design procedure that was utilized to select the candidate swept and leaned OGV used in that test. The report includes an overview of the theoretical tools used in the study as well as the details of the selection process. The report also contains comparisons of the predicted and measured sideline directivities of the swept and leaned stator against both the baseline radial stator and a swept-only stator.
These comparisons serve to validate the design approach and the theoretical tools used in the process. A summary of conclusions drawn from this study is also included.
[ ( Furthermore, the flow is envisaged as a smalldeficit wake profile superimposed on a parallel and locally uniform stream at each radius. Within this framework, the tangential position of the wake centerline at each radius accounts for any wake sheet tilting that might occur due to swirl. In BBN/V072, the tangential position of the wake centerline (at each radius) is determined by the relative flow angle, which is specified as input to the code. The change in the relative flow angle from hub to tip, therefore, represents the tilting of the wake sheet. The introduction of vane sweep and lean can enhance or diminish the wake tilting as seen by the OGV.
As was mentioned earlier, the wake profiles used in the BBN/V072 code are developed from empirical correlations.
There are currently two correlation-based wake models in the code that can be used to supply wake centerline velocity deficit and half-width information. positive lean angles tend to diminish, or even offset, the benefits of sweep (see the 5BPF plot in Figure 5 , for example).
As was stated earlier, the observed behavior with sweep and lean can be explained in terms of their influence on the harmonic phase of the upwash along the vane span. Consider, for example, the predicted noise level changes in the inlet at 2BPF for the takeoff condition ( Figure 4 ). For this condition, consider the beneficial combination of sweep and lean (it = 30°, 13 = -30°) for which noise is reduced, and the detrimental combination (ct = -30°, 13 = 30°) for which noise is increased.
In Figure 10 , plots of the spanwise harmonic phase variation of the upwash for these three sweep and lean configurations are shown. Note that, compared with the radial stator, the favorable configuration has significantly more spanwise phase variation than the detrimental one.
In fact, the latter has less variation compared with the radial stator. It is instructive to compare these phase plots with the kinematic description shown in Figure 2 . Compared with the radial stator, the combination (ct = 30°, 13= -30°) allows for more wake-vane intersections and, therefore, more spanwise phase variation. Conversely, for the combination (o = -30°, 13= 30°) fewer intersections lead to less phase variation. Now let's examine the impact of the upwash phase variation on the predicted vane unsteady surface pressure distribution.
In Figure 11 In contrast, the incorrect choice actually reduces the phase variation. Now, since the tone levels are related to the surface integrals of the vane unsteady pressure, the more phase variation there is in the unsteady pressure, the more cancellations will occur in these integrals resulting in weaker tones as seen in Figure 4 for the combination (a = 30°, 13= -30°). On the other hand, if there is less phase variation, there will be less cancellation leading to higher tone levels as seen for the combination (a = -30°, 13= 30°). These plots corroborate the argument that was advanced in section 2.1 regarding the role of The selected stator configurations were tested 5 in the NASA Lewis 9' x 15' Acoustic Wind Tunnel where detailed farfield noise measurements were obtained at several fan operating conditions. The data unequivocally show that, compared to the radial OGV, the swept and leaned OGV is quieter at all tested conditions. The sweptonly stator also shows sizeable acoustic benefits.
Later in this report detailed comparisons between the measured and predicted sideline directivities of the radial, swept-only, and swept and leaned stators will be presented. 5 The baselineradial stator was tested in two axial positions, a "forward" position and an "aft" position. The forward position corresponds to the hub axial location of the swept/leaned stators. The all position corresponds to the tip axial location of the swept/leaned stators. This was done to separate the noise reduction due to sweep-induced phase cancellation from the noise reduction due to the increased axial spacing for the swept/leaned stators compared with the radial stator. In this report, the results for the radial stator in the all position are not considered. 
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The predicted sideline directivities are calculated using two codes designed to predict the farfield tone noise radiation from inlet and exhaust sections of a fan bypass duct. As shown in Figure 13 , the inlet and exhaust codes compute the radiation fields in the forward and aft arcs, respectively.
In each case, the arc covers a region extending from the fan axis to a location past the 90°p osition.
In the overlap region the linear nature of the wave equation permits the addition of the two solutions (with the phase taken into account) to obtain the complete sideline directivity.
Both of these codes are based on a frequency- of the duct between the fan axis and a suitably chosen "baffle" (see Figure 13) . The baffle is a pressure release boundary that permits outgoing waves only. Both lined (i.e., absorbent) and unlined (i.e., hard) boundary conditions can be specified on the duct walls and a Sommerfeld radiation condition is applied on the farfield arcs and the baffles. 
Sideline Directivities
We begin the data-theory comparisons with the radial stator whose results are shown in Figure 14 To help analyze the trends, the measured broadband noise level at 2BPF is also shown (dashed line). The SPL range for each graph is chosen so as to provide the best overall representation of the results but the increment is kept the same for all graphs to allow for easy comparison.
The radial OGV results
show that there is generally a good agreement between the predicted and measured directivities for the approach and cutback conditions, but that the agreement is only marginal for the takeoff :_ondition. In particular, at approach the predicted peak SPL and peak radiation angles for both inlet and exhaust are well predicted.
In fact, over the entire range of emissio_l angles, the predicted directivity is close to the measured one.
On the other hand, the data-theory agreement for takeoff is rather poor. For this speed, there are significant over-predictions in both the inlet and exhaust portions of the directivity. For the cutback conditk_n, there is fair agreement in the inlet but significant over-pr,Miction in the exhaust. It should be noted that where the measured tone is very close to the broadband level, the tone data is not entirely reliable.
By the same token, the sharp dips in the predicted directivities are somewhat unrealistic and should be "clipped" with the broadband level. It is these clipped predictions that should Figure 15 . For this configuration, the absolute 2BPF levels are significantly lower than those for the radial stator and so they are closer to the broadband noise levels.
Overall, the data-theory agreement is remarkably good. Here the trends, as well as the levels, are well predicted for all three speeds. There are, nonetheless, local discrepancies especially for the cutback and takeoff conditions for which the theory over-predicts the measured exhaust SPL at large emission angles. Note that both the measured and predicted levels for the swept-only stator show sizable reductions compared to the levels for the radial stator levels as discussed below.
Predicted and measured 2BPF tone reductions due to sweep (i.e., swept-only OGV levels minus radial OGV levels) are shown in Figure  16 . Note that with this definition, the 0 dB represents the level for the radial were discussed earlier.
The measured benefits, while not uniform, are generally centered on the 5 dB level for the approach condition, around the 7.5 dB levels for the cutback condition, and on the 10 dB level for the takeoff condition.
As for the predictions, at approach and cutback the bulk of the noise reductions fall in the 5-10 dB range especially when the broadband-corrected levels are considered. For takeoff, the predicted reductions are somewhat larger and more erratic. This is, of course, the result of the fact that the predicted radial stator levels do not agree well with the data even though the levels for the swept-only stator do. Nevertheless, the general trend of reductions with the fan tip speed is reasonably well predicted in the sense that the reductions are higher at takeoff compared to those for approach. Emission Angle (for 88-inch Sideline), deg. results. With that in mind, the general agreement between the data and theory is very good for this configuration with the measured SPL's being very close to the average predicted reductions for all three speeds. Figure 18 shows the 2BPF tone SPL reductions when the radial stator levels are used as the baseline. If the broadband-corrected predictions are used, the predicted reductions compare quite well with the measured reductions for approach and cutback, but the comparison is poor at takeoff. The agreement for the takeoff condition is poor because the directivity for the radial stator is not well predicted. The measured reductions are about 5 to 7 dB for approach and cutback and around 10 dB for takeoff. The predicted reductions are somewhat higher for all three speeds. The tone reductions summarized in figures 16 and 18 clearly demonstrate the success of sweep and lean in reducing the tone level.
To assess the benefits of swept and leaned stator versus the swept-only stator, the 2BPF tone SPL difference between the two configurations is plotted in Figure 19 . Note that, the 0 dB now represent the level due to the swept-only' stator.
The calculated differences in the measured tone levels are generally centered on the 0 dB Emission Angle (for 88-inch Sideline), deg.
Comparison of measured and predicted 2BPF tone farfield directivities for the swept and leaned stator. Measured broadband noise level around 2BPF tone is also shown.
level with noticeable additional benefits only in the exhaust region. This suggests that the swept and leaned stator is not significantly quieter than the swept-only stator except in the exhaust. The corresponding predicted differences generally show quite a good agreement for most of the emissiora angles at all speed conditions, especially when the broadband-corrected predictions are used for calculating the reductions (dashed lines). The exceptions are the predicted benefits for the exhaust emission angles greater than 140°for the cutback and takeoff conditions where the theory predicts significant additional benefits for the swept and leaned OGV compared with the swept-only OGV.
A tacit assumption used in computing the farfield directi_ities presented in this report is that the rotor transmission losses are negligible. Despite this approxmation, however, the general agreement between the pre:iicted and measured noise reductions is remarkably good. A possible explanation for this agreement is that the 2BPF :one does not suffer significant transmission losses throug)h the rotor for this fan. It is also possible that the rotor affects the absolute levels of the 2BPF tone equally for all three stators, so that it drops out of the difference calcul_ tions. However, given that with the exception of the Since a direct data-theory SPL comparison for higher tip speeds (or, for that matter, higher harmonics) could not be made, an indirect method was employed. The procedure involves comparing the in-duct acoustic power levels computed in Section 2 of this report with acoustic power level estimates based on integrating the measured sideline SPL's for the higher speeds and/or tones. The estimates are based on 1-foot lossless tone data computed from the measured spectra at the 88-inch sideline.
For the sake of consistency and completeness, these comparisons have been carded out at all three speeds and for all the harmonic tones between 2BPF and 5BPF. Using the same procedure, the corresponding broadband noise level in the neighborhood of each tone was also calculated to help with the analysis of the tone data.
The salient conclusion from these comparisons is that the broadband-corrected duct power level predictions agree remarkably well with the power levels calculated from the measured sideline directivities. This is true both Emission Angle (for 88-inch Sideline), deg.
Comparison of measured and predicted 3BPF tone reductions in the farfield; top figure shows the sweep benefits directivities for the radial, swept-only, and swept and leaned stators. Broadband-corrected predicted reductions are also shown. levels with sweep and lean.
The complete set of datatheory comparison plots for tone power levels is included in the Appendix.
CONCLUSIONS
I'he principal conclusion of this study is that, when ch3sen properly, sweep and/or lean reduce rotorstator interaction tone noise. Using a set of inlet and exhaust radiation codes to establish a link between the predicted in-duct pressure levels and the farfield noise levels, the theoretical sideline directivities were shown to be consistent with the experimental data. A kinematic argumen:: was proposed to explain the mechanism of noise reductio_t due to sweep and lean. This argument suggests that to r_duce noise, sweep and lean must be chosen in such a _ ay so as to increase wake intersections per vane. A set of simple design rules is proposed for implementing sweep mtd lean in practical fan stage geometries. Sweep for which the vane tip is downstream of its root, and lean in the direction of the fan rotation reduce the strength of the interaction tones with size of reduction dependent on the amount of sweep and lean chosen. In computing the broadbandcorrected theoretical reductions, the predicted levels themselves were used if they were above the broadband, and the broadband levels if the predicted theoretical levels were below the broadband level. Figure A4 shows the reductions due to swept-only stator (i.e. P(30, 0) -P(0, 0)), 
APPENDIX Tone Power Level Comparisons
In this appendix, tone power level comparisons for the 2BPF through 5BPF tones at approach, cutback and takeoff conditions are shown. The predicted in-duct power levels were calculated using the BBNN072 code while the experimental levels were computed by integrating the 1-foot lossless directivities estimated from the measured 88-inch sideline sound pressure levels. Using the same procedure, the corresponding broadband noise level in the neighborhood of each tone was also calculated to help with the analysis of the tone data.
The 
